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Modules DC
- Strings
Inverter DC

A

AC
Large  DC side
Arrays or

AC side

srRict Gantner

Overview of measurement types and models at different levels S RnsomeConaig L instruments

Levels DC Performance Variability, Models
Measurements losses

B mw M e s g

Can be full IV curves Minimal with 1-diode, i ) 2

Indoor or outdoor

Vypptracking,
Efficiency vs Pin,
Thermal cut out,
clipping,
downtime etc.

Usually just .y,
sometimes |, and

VMAX

single modules, SAPM,
mismatch in LFM

strings etc. - -
Gantner Instruments (Gl)
OTF in Tempe, AZ
Gl powerplant in the UK
Module Empiricale.g
mismatch, PVUSA,

Solling, fop scaled module +
Wiring losses  inverter model,
Cloud variability MPM etc.
across array

Kent, Great Britain




sRict Gantner

Comparison of two different models used by GI/SRCL instruments
Model DC, | Parameters Pros and Cons
Introduced |AC
LFM DC Derives 6 X Optimised model for e
Loss Factors normalised IV curve good IV traces. o S O o
Model parameters and 2 e~
curvature checks W Cannot derive § Ry

5 (2011 26th from poor IV curves g Vo

i Hamburg

PVSEC) E— T
MPM DC Derives 5 X Optimised model for
Mechanistic side normalised PR PR for indoor matrix,
Performance or parameters outdoor data
Model AC
(2017 1 side W Only derives PR
PVPMC

Canobbio)




<
[a)
=z
o
i}
=
(8]
2
Qo
=)
n
s
=
c
[}
°
=
=
<}
O

sRict Gantner

Comparison of two different models used by GI/SRCL instruments
Model DC, | Parameters Pros and Cons Enhancements
introduced | AC
LFM Derives 6 X Optimised model for  Simplify LFM parameters to wo
Loss Factors normalised IV curve good IV traces. with lower quality IV curves anc
Model parameters and 2 also just Imp an&mpvalues

curvature checks W Gannetderive-Br R
(2011 26th froroeorichnies
Hamburg
PVSEC)
X Overlap !

MPM DC Derives 5 X Optimised model for  Generalise MPM equations to
Mechanistic side normalised PR PR for indoor matrix, work with LFM like parameters
Performance or parameters outdoor data eg.nlg R Xc Y *
Model AC
(2017 1 side W Only-derives PR
PVPMC

Canobbio)
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Suggested rules faptimised performance modellings used in LFM and MPM

Are Coefficientsx

Meaningful
(depend on physical effects)

X LFM andvPM

Yese.g.

A PrcrusPravierLare P Tolerance
A 1/P *dR dTy,op = Temp Coeff
A nVy.=meas\,J refV,.etc.

sricr Gantner

instruments

Empirical models

No not dependent on real behaviour
e.g. X1, X2

*
TMOD TAI\/IBIENT

TMOD* LOG(QZ

(can fit data with noise)

Orthogonal ves A . , )
— Allow f ' fit. P VA TAUA | N
(independent of each other) owora. unique it e AL BY
Robust res No

Fits sensiblwithout being perturbed

non realistic predictions

e.g. spikeand/or non linearity

Normalised
(divide by reference values)

Yes
parameters can be compared and
validated more easily

e.9. N'\bc= Vo meal’oc.nominaiMay be
95% moduled string

No

hard to see what is good behavioair
different levels

e.g. \bc30V module, ¥=600V string
What about MPPT limits?




Overview of The Loss Factors Model (LFM)

sRicL Gantner

E.g[Stein et al 28 PVSEC Paris 2Q18r comparison with diode and SAPM S e G e instruments
6 LOSS FACTORS MODEL + 2 CHECKS
AThe[ 2aa CI O0 2 Nproviaes R pdwerfll[ aBadysis of LFM CErERENCE STC 1
indoor or outdoor IV curves e rVmp * fimp
_ * * * * . lcurvature ./
PRyc=nlse Nlyp ™ NViyp NVoc "
ATwo other parametersl.andnV,.show the deviation from MRS URED L vearsad
g expected |@)J2 and V@),/2 and give measured values ~Pmax.meas
E indicating amounts of cell current mismatch and roll over
: respectively Gantoer
é nVmp nRoc nVoc

Characterise a ™" Predict LFM can easily

module vs. - e performance find any

G, Tmod etc. ~ *= [EaalRg vs. time and discrepancies,
oo | weather degradation, poor
el — measurements
etc

0 0.2 0.4 0.6 0.8 1 1.2
Irradiance (kW/m?)

6 02/05/18 WWw.gantnerinstruments.com



sRict Gantner

What are the main PV performance vs. weather dependencies ? See FnconeCorvlin Liiod instruments

1. "G Module STC rating actual/nominal W
2. " (1+ *(Tyop25)) t 26 SNJ OSYLISNI #élzZNS O2S T
3. Vuax 109(G) From diode equation
4. ’ 2% R ez 12.R;loss
5. Tuyop~™ ¢ fn( ) NMOT Thermal rise
— 6. Rynvs—Gl (depends on technologyg behaves like 3.\,

Mechanistic Performance Model only uses these dependenc E e
PRyc=C + G*(Tuon25) +G*Log o G)+ G* G + G

Pacruae  Temperature  Voc R seres  NOCT

PRy = EffDC.MEAS/
¢
4

A dTyop= (Twop€ 25)

2 u.n- 0.6 0.8 1120
A G = plane of array irradiance (KWAn Irradiance kW/m

= wind speed (mY

7 02/05/18 WWw.gantnerinstruments.com
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Testing Robustness: Empirical models can have poor fits to noisy data (S[ ][C L Gantner

Steve Ransome Consulting Limited instruments

[7th PVPMC Mar 2017 Canobbio]f@dth PVSC Jun 2017 Washington DIJRMSEQ7 Nov 2017 Shiga JAP

X Added noise to mimic real
PRc(Y) vs G(x) and V — / measurements and test

Tuop(coloured lines) \&& *° % robustness

°
o
* °

/

Smooth Data Va mpirical model A N
% W Empirical models can be affected

f" - by random scattered points and give
; / - — -/7 SE non physical fits

. - 194 Mechanistic models can be
All models can fit » °_° o unaffected by random scattered
smooth data well O .

S ' Ill gives physical fit
e points and sti
Wanlstlc model

'
G t\\)




Mechanistic Performance Model fits IEC 61853 Matrices well from all data sources tesf(‘s‘:@m L Gantner

(Please send us any more for confidential comparisons or to be included)here ! —— nstruments

. “ N40 cSirms=0.12%
N60 ¢Si rms=0.07% o ISTICFV
SUPSI ///"*“““\

095

PRc(y) vs G(x) and -
Tuop (coloured lines) e

b 1) °%% 02 04 “Gi (k?f;lm?)lo 1 1
! INDOOR
< N50 ¢Si rms=0.28%
z * Gant struments A s i /__,_—
o -
g ¥ Y st — ¢ = : ) . T — 15¢ e - § — 15¢ i 5737 . * ’ T —isc
g 4 ...,- _m; n p —::E & [/ v * ——g; Y . —;;
2 go.g .U :Z: Eos / :::E qu ! :;: qu :?:2
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= os /Y 08 o8 // 08
(]
S Gantner ., 1/ N27 meSi rms=0.26% : /’/—’:n é
c 0.7 0.7 | = 7 o s 0 ‘ :
3 N2 ¢-Si rms=0.5% g § Avzonastte e -ED 'T| N32 cSims=0.17%  rovmmnus
University o e e ae TUV
O'B.D 02 04 1.2 14 0%0 02 04 12 14 %.0 02 04 2 14 0%0 02 04 12

06 08 10 06 08 10 06 o8 10 06 _ o8 10
Gi (kw/m2) Gi (kW/m2) Gi (kW/m2) Gi (kW/m2)

Tem corr (N} MEM SUICREST 260C  nonbi PRSE
- 1o €14 = L10I3I357 060175029 016965762 :0.1 2413201
1 3 rene=0.23% 1
: /// 10 ——
s o - S S - a
¥ i 3 { —5C N //-’_’—__—‘ — 5C au ' et l/_—_‘_"—_’— — 5C
— 10C g 1 —15C /4 H s —10C
o of »® re
g 17 £ =1 Kt " B
. — 55C —75C gﬂﬂ s e
B — 70C — 85C — J0C
LX) 08 o om0 08
N24 CdTe rms=0.2% ///’_‘_‘ //f_',: & CREST “Nocsi =CFV
. . = = 0, g
* PVSYST Y N23 cSi rms=0.01% = swe = gmiowborougn 7 Ms=02% it
PVsyst SAPM m;{;’;“ — University
- 085, o2 o4 e as 10
%80 o2 oa 12 14 %80 02 o4 12 14 W Gi (kW/m2) %0 o2 oa 12 14

06 o8 10 06 08 10
Gi (kW/m2) Gi (kW/m2)

06 08 10
Gi (kW/m2)

9 02/05/18 WWw.gantnerinstruments.com
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Why mechanistic model coefficient values are more useful than from empirical models

Compare fits vs. technologySi aSi

[SUPSI data]

srRcLt Gantner

Steve Ransome Conming Limited i n St rumen t S

SRC

Empirical model with 5 parameters

A no meaningful pattern to coefficients
A large variability

A self compensation (e.g.,&s. G)

MPM Mechanistic model with 4 parameters
A Meaningful values of all coefficients
= more robust fitting

A Better average rms fit

C=R, Axtoleraﬁce

Technology ID G G, G C, rms

c-5i 60) |]—42.3 Es.g |—10.? [l—sz.g -3.0 D 0.22%
c-Si 62) ['12?.2 E [I-31.? [l-g?.s -23.9 Eo.zz%
c-5i 64) |]—?1.5 E.S 180 |]—55.3 —13.5[| 0.09%
c-Si 66) [I-93.4 7l 23.4 |]-?2.0
c-5i 67) E.z [.123.8 2456 ElS.E |]18.4 D0.24%
c-5i 68) |]-59.5 E.g [|-1?5 |]-53.s -13.1'] 0.16%
c-Si 70) [l-s:f.s .ﬂ [‘98.? I]zl.g |]23.5[| 0.10%
c-5i 71) I 6.4 |—s.s 14 I 41 o.g[l 0.07%
c-Si 72) Eo.? [.132.5 E.? |1o.1 .
c-5i 73) Es.s |]—55.9 lls.s I]zsm a.?[| 0.09%
TF a-Si 65) ! 02 11 03 05 .
TF a-Si 74)! E.s ['121.1 I]31.9 Ez.s |13.2 E.sz%
TF CdTe 63) -0.6 22 |06 |12 03 I:b.z?%
c-Si 60) 96.2% m [| 8.3% | -2.1% 0.07%
c-Si 62) E |:|205%[I -10.0% 0.09%
c-Si 64) m [| 8.5% -6.4% 0.09%]
c-Si 66) -. ﬂ 11.9% [I 77% 0.08%
c-Si 67) _ |:| 15.2%[' -15.4% 0.11%
c-Si 68) I:- |] 10.4% [I -7.5% 0.09%
c-Si 70) m 3.9% -4.3% 0.08%]
c-Si 71) m 24.4% [' -12.4% o.o%l] 0.08%
c-Si 72) II 07% | 12% D.D%I:I 0.20%
c-5i 73) m 17.1% [I -9.2% o.o%n 0.09%
TF a-Si 65)! -o.ﬂ,] D31.5%[| -11.9% o.o%l]o.n%
TF a-Si 74)! {E. 9.5%|] -23.1% 0.0%.333%
TF CdTe 63)! i 12 %19.5% -20.2% 0.0%'] 0.16%

C=Realistic P, Temperature coefficient (TF <St)



Checking smoothness and quality of IV data quality
. 5 SR Gantner
2 A0K EY2NXYIfA&ESR  wiBcAres shogvD G logscale + 2 f U | T {emmmmcmmiminm instruments

Smooth IV data is needed to extract precise n"RVNeeds to be
smooth near V=0

values particularly for B. for Isc,RsC

NR, =-nVinl/ (Ryp.ste

Log OR,) vs. V and@,Tmod, CdTe modules

1000

| Gl 11 Tcorr=Yes Gcorr=Yes dt=4h — G=0.09T=25.3 — G=0.117=17.9
e F%C — G=0.35T=36.2 —-— G=0.20T=23.1
G=0.63 T=46.6 G=0.43 T=34.9
< 12 e e 0000040 es
2 e na, IV curve G=0.85 T=57.9 G=0.60 T=43.9
2 100 - G=1.00T=64.6 100 — G=0.79 T=50.5
o4 1.0 — G=1.07T=70.1 — G=1.02 T=58.6
3 a0 0
= 0.2 -
g g_ 10 10
é U.El m .
m ;
RM = =) t
0.4 P.STC™ -
1 °1 1 '

VM P. STéI MP.STC

0.2 0.4 0.6

Gantner CdTe NREL CdTe

0.1
v
’ ? vw‘iu °0 m RV Needs to be oo Moc

. ey smooth only when
AnalysingnRVdata can show if limited VVoc

precision, errors, drift, scatter exist Gantner(L) much smoothegdhan NREL Daystar (R)

0.2

0.0

11 02/05/18 www.gantnerinstruments.com
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Advanced analysis of IV curves usiig/values See FnconeCorvlin Liiod instruments

(veadl sc.s7&) VS- ieadVoc sttShows
steps {) between {.and |,pindicative 12

of cell current mismatch due to broken

1002) MID=73 160113 09:32 Gi~0.6 Isc™~3.72 Pmax~123.52 FF*0.3h000
nle™0.979 nVe™0.998 i

N : 1 Oeommmemmsmssmmnssssssssssassssnseees 0 ccsssssssssssssssssssssssnisns el 1000
cells, variability or shading :
g 0.8 NTPPRRY. » SR R b S Q 100
ADerivation of quantify and — o
] qualify the three steps
(minima innRVcurve) 0.4 , S IEE
o1
0.2 0.1
ASteps are also apparent i " W‘u‘éc.stc%
0 = 0.01
0 0.2 0.4 0.6 0.8 1

AAsnRVis normalised value should be ~1
at l,,», on a perfect (stepless) curve




cSiand Thin Filmnormalised IV curvelsneaglisc.stovs.Vmeag\Voc.stc R
SRCL Ga
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A Accurate IV data such

MORNING 09:32 a4 DLQ& Ol y
D) IRIREADIL A 22l 5837 determine steps from
FF : Lower-8i * * shading and mismatch
nRv: 3 Steps low<10 *
A Each step has its own
z HICH IRRABIANCE 4.0k R, =nVipl *Rmp.ste A Rule of thumb:
;g o= i (should b? 1 at \{mvp 1,:or If adlp IS be|OW,lE) it is
I G LISNF SOuG ¢ nptisealledzNII S 0
MID DAY 15:03

LOW IRRADIANCE 0.2kW/m

FF : High

cSi Thin Film



